We study the electrically driven spreading of dielectric liquid films in wedge-shaped gaps across which a potential difference is applied. Our experiments are in a little-studied regime where, throughout the dynamics, the electrical relaxation time is long compared to the time for charge to be convected by the fluid motion. We observe that at a critical normal electric field the hump-shaped leading edge undergoes an instability in the form of a single Taylor cone and periodic jetting ensues, after which traveling waves occur along the trailing thin film. We propose a convection-dominated mechanism for charge transport to describe the observed dynamics and rationalize the viscosity dependence of the self-excited dynamics. [6] . Moreover, the electrically driven motion of fluids, i.e., electrodynamics (EHD), gives rise to fundamental questions, such as the development of singularities [7] or the noncoalescence of oppositely charged drops [8] . One way to characterize EHD motions is to distinguish cavity flows driven by tangential electric stresses [9, 10] , instabilities of planar interfaces driven by normal electric stresses [11, 12] , and electrojetting, which typically combines both the influence of normal and tangential electric stresses [13, 14] . In the absence of a separate pumping mechanism, electric fields can be used to manipulate liquids in confined geometries. Here we study such dynamics for manipulating thin liquid films, identify features of the flow that are self-regulated due to tangential and normal components of the field, and illustrate how this problem combines flow and instability found in other distinct EHD phenomena.
Electric fields offer a means to manipulate liquids over a wide range of length scales, which leads to various applications, including ink-jet printing [1] , electrospray ionization for use in mass spectrometry [2] , electrowetting [3] , fluid mixing [4] , patterning of thin polymer films [5] and control of microscale or nanoscale droplets [6] . Moreover, the electrically driven motion of fluids, i.e., electrodynamics (EHD), gives rise to fundamental questions, such as the development of singularities [7] or the noncoalescence of oppositely charged drops [8] . One way to characterize EHD motions is to distinguish cavity flows driven by tangential electric stresses [9, 10] , instabilities of planar interfaces driven by normal electric stresses [11, 12] , and electrojetting, which typically combines both the influence of normal and tangential electric stresses [13, 14] . In the absence of a separate pumping mechanism, electric fields can be used to manipulate liquids in confined geometries. Here we study such dynamics for manipulating thin liquid films, identify features of the flow that are self-regulated due to tangential and normal components of the field, and illustrate how this problem combines flow and instability found in other distinct EHD phenomena.
The EHD motion of thin liquid films, of typical thickness h, depends on the electrical properties of the fluid, i.e., the conductivity and dielectric constant , as well as the viscosity . The physical response involves the charge relaxation time t e as well as the time t c to rearrange or convect the liquid. The former is defined as the ratio of permittivity 0 (where the vacuum permittivity is 0 ¼ 8:85 Â 10 À12 F=m) and conductivity of the fluid, i.e., t e ¼ 0 =. The latter is given by t c ¼ h=u, where u is the average speed of a viscous flow driven by a pressure difference Áp / 0 E 2 owing to Maxwell stresses, on the typical distance h, i.e., u=h ' Áp or t c ¼ = 0 E 2 , where E is the magnitude of the electric field and is the fluid viscosity. The ratio of these two time scales defines an electric Reynolds number, R el ¼ t e =t c ¼ 2 2 0 E 2 = [15] . The complete characterization of this type of free surface flow problem requires an additional dimensionless parameter that compares viscous effects to inertia and surface tension, i.e., the Ohnesorge number Oh ¼ =ðhÞ 1=2 , where and are the surface tension and density, respectively.
The majority of EHD studies in the literature [16] [17] [18] [19] [20] , with the exception of unstable jetting observed in silicone oils [21] , are characterized by a small value of R el ( (1), that is, charges are transported by Ohmic conduction because the charge relaxation time t e is always the shortest time scale in the system. Nevertheless, in studies of jetting driven by electrical stresses, where a liquid jet emanates from a conical meniscus, the hydrodynamic time t c is locally shorter than the charge relaxation time scale due to rapid fluid motion at the cone-jet transition, even for high conductivity liquids [14, 16] . Between jetting events, charges may rearrange quickly due to a short electrical relaxation time scale. When the electrical conductivity is decreased so that R el ) 1, t c is the shortest time scale in the system for all dynamical processes; charge transport is then dominated by convection processes only, which suggests a fundamental change in the EHD motions. This subject is the focus of our Letter.
To explore the dynamics when R el ) 1, we consider the electrically driven spreading of a dielectric liquid film below an inclined planar PET (polyester) electrode with width w and inclination angles 1:9 4:9
[ Fig. 1(a) ]. We use silicone oils with viscosities 4:6 Â 10 À3 970 Â 10 À3 Pa Á s, density ' 960 kg=m 3 , surface tension ' 20 Â 10 À3 N=m, conductivity ' 10 À13 S=m, and dielectric constant ' 2:5; the low conductivity of the silicone oil is due to a small amount of free charge that results from unavoidable contamination during processing. The electrode is electrified by rubbing it with a piece of paper to obtain a negatively charged surface with a uniform potential 0 , which can vary up to 3 kV as measured by a surface dc volt meter (AlphaLab, Inc.). A dielectric liquid film of initial thickness h 0 is placed on a . Gravitational effects are not expected to be significant, since the initial thickness of the liquid film is approximately 300 m, which is small compared to the capillary length, ' c ¼ ffiffiffiffiffiffiffiffiffiffiffiffi =g p ¼ 1:5 mm for silicone oil, where g is the acceleration due to gravity. Furthermore, the Ohnesorge number is mostly of order unity (0:05 < Oh < 11), which implies that viscous effect dominates over inertial and capillary effects.
The experimental system acts as a capacitor and, due to the inclined electrode, both normal and tangential electric fields (E n and E t ) are generated in the gap. Thus, after being placed under the electrode, the liquid-air interface is charged due to the induced polarization associated with the capacitor, so that positive charges present in the liquid accumulate at the liquid-air interface [ Fig. 1(b) ]. The liquid moves from the reservoir and flows under the electrode toward the region of larger electric field, with speed significantly faster than that due to either gravity or capillarity. We denote the position of the electrode as y ¼ bðxÞ, in which case the magnitude of the electric field acting on a given point of the interface hðx; tÞ is given approximately by E n ðx; tÞ % 0 =ðbðxÞ À hðx; tÞÞ, since most of the potential drop occurs across the air gap. Consequently, the liquid spreads as a strip that has the width and shape of the applied rectangular electrode [ Fig. 1(c) ], which highlights this approach for selectively manipulating dielectric liquids.
A typical example of the spreading motion is shown with the sequence of photographs in Fig. 2 (see also the supplementary movie [22] ). We observe three successive regimes during film spreading, which we denote hump growth (I), jetting (II), and traveling waves (III). In the first regime, the film follows the inclined electrode, flows along the gap, and the initially flat interface deforms and grows a single asymmetric hump at the front. As the film moves under the inclined electrode, jetting occurs repeatedly from the tip of the hump (regime II, insets of Fig. 2 ). Thereafter, small amplitude waves appear along the liquid film, and travel toward the front (regime III). In these experiments, the electrical relaxation time is t e ¼ 0 = ¼ 200 s, which is large compared to the convection time t c ¼ = 0 E 2 1 % 20 ms, and even long compared to the time (%55 s) of the spreading motion shown in Fig. 2 . Next, we describe the physical origin of the three distinct regimes, and show that the observed EHD instabilities, i.e., the pulsating jets (regime II) and the traveling waves (regime III), are controlled by the shortest time scale for charge rearrangement, which here is t c / .
We first focus on regime I and the transition to regime II (hump-jet transition). The experimental profiles of the growing hump obtained for increasing times, increasing electric field E n , are shown in Fig. 3(a) . As the front moves, the gap between the electrode and the liquid interface decreases; i.e., the normal electric field increases. The interface is destabilized by electrical stresses: the hump grows, rapidly changes shape to exhibit a sharper tip, then a jet is emitted. After the onset of jetting, and even though the electric field is increasing, we observe that the height of the hump h max ðtÞ is constant while the film continues to move along the gap and the hump emits a jet [ Fig. 3(b) , top] at regular time intervals. Thus, we identify that, when both normal and tangential components of the electric fields are present, this film flow is self-regulated, in that it establishes a constant height with periodic jetting. We track the position x f ðtÞ of the liquid front and measure the spreading velocity v f ðtÞ [ Fig. 3(b) , bottom]. We observe 
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week ending 15 JULY 2011 034502-2 two different behaviors: the speed first increases as the hump grows (I), then the speed decreases until a quasisteady state is reached while jetting occurs (II). The maximum speed is at the transition between regimes I and II. The rapid growth of the hump can be rationalized by measuring h max ðtÞ as a function of the local normal electric field, E n ðx max ; tÞ at the position of the maximum x max ðtÞ. All of our data for different liquid viscosities, inclination angles, and gap heights between the electrode and the film collapse onto a single curve. The height of the hump is proportional to E 2 n , as expected [ Fig. 3(c) ]. There is no significant difference in the hump growth when the fluid viscosity is varied between 4:7-970 mPa Á s; the fluid viscosity only affects the average spreading speed [ Fig. 3(c) ].
The sharp hump-jet transition illustrated in Fig. 3 (b) implies the existence of a critical electrical field E c for the onset of the jetting instability. We measured the gap height at which the jet occurs for various viscosities, inclination angles , and initial gaps b 0 . Once the hump reaches b À h % 4 mm, corresponding to a critical electric field E c % 3 Â 10 5 V=m, the hump rapidly becomes unstable, subsequently deforms into a cusp shape, and a jet is emitted. We can understand the threshold value E c by considering a balance of electric stress ( 0 E 2 ) and capillary pressure (2=r), which gives E n;c % c 1 2
where r is the radius of the hump (taken as w=2 since the width of the electrode, w, sets the size of the advancing finger). The constant c 1 % 0:32 as estimated for a spherical liquid drop in air [23] . From (1), the estimated value E n;c % 2:85 Â 10 5 V=m % E c , which is in good agreement with the experiments. Furthermore, we verified that E c is independent of the tangential electric field, as well as the viscosity of the liquid, as expected from Eq. (1).
The behavior of the pulsating jet in regime II is captured in the series of images shown in Fig. 4(a) . We illustrate three successive jets at the hump-jet transition. The emitted droplets are deposited directly onto the surface of the electrode [black arrows in Fig. 4(a) ]. From our observations, the shape of the hump persists throughout jetting, and local deformation in the form of a cusp shape is observed just before jetting.
Pulsating jets have been studied for conductive liquids under external control, including a pulsed voltage (ac electric field) or control of the liquid flow rate [24, 25] . Such dynamics are accompanied by the retraction of the conical shape after jetting [26] and models of inertial dynamics are appropriate. In contrast, the jets observed in our experiments continue without complete retraction of the hump [ Fig. 4(a) ]. Moreover, in our system, the flow rate is intrinsically regulated by tangential stresses along the film and viscous effects. Also, the jetting time (<2 ms) is significantly shorter than the time between successive jets (%100 ms). In a quasisteady state, if some free charges are lost at the interface through the emission of a jet, the same amount of charge is convected from the bulk. Therefore charge transport, characterized by the convection time t c ¼ = 0 E 2 1 , regulates the periodic jetting. To understand the underlying mechanism behind the pulsating jets reported here, we measure the average value of the jetting frequency f for various viscosities under a flat ( ¼ 0 ) or inclined ( ¼ 3:5 ) electrode for both moving and pinned contact lines [ Fig. 4(b) ]. The jetting frequency decreases linearly with increasing viscosity and is independent of the electric field [inset in Fig. 4(b) ]. The time between two successive jets is then given by the time taken by the charges to be convected to the tip of the hump, which has length scale r % w=2. The frequency can then be estimated by f ¼ hui=r, where the average speed hui is obtained the viscous flow thin-film equation, i.e., hui ' rÁp= with a typical pressure difference Áp % 0 E 2 c % 2=r, i.e. f ' t À1 c at the critical electric field E c . Thus, we estimate the intrinsic frequency
This relation is verified experimentally with a fitting parameter c 2 ¼ 0:83 [ Fig. 4(b) ]. According to (2) , the jetting frequency can be tuned by varying the viscosity or the width of the electrode, and should be contrasted with other studies where the pulsation frequency is regulated by inertial effects (e.g., [26] ). We note that at late times in regime II, although most of the liquid is experiencing a normal electric field E n * E c , only one hump is present and the thickness of the trailing liquid film is approximately constant hðx; tÞ % h e . This observation of the undeformed film indicates that the tangential component of the electrostatic field E t plays a crucial role in stabilizing the film. The effect of viscosity on the instabilities is also observed in the traveling wave regime (regime III). We provide a sequence of images that shows that two individual waves appear along the initially smooth interface and propagate at the same speed toward the hump at the front [ Fig. 5(a) ]. Once the waves appear, the front slows down and can even stop. Since we are in a viscous overdamped regime, the waves are only associated with the dynamics of the film rather than relaxation processes at the hump. We measured the speed of the waves, v wave as a function of , and found that v wave /
À1
[ Fig. 5(b) ]. Since t c is a critical time scale in the system, the wave velocity, according to the thin-film approximation, can be estimated by v wave % h e =t c , where h e is the equilibrium thickness of the film (%200 m). The data collapse onto this predicted value (solid line).
Our findings highlight the significance of a viscosity controlled, convection-dominated mechanism for charge transport in the EHD motion of dielectric films and jets. The selective spreading and the periodic jetting following a moving front are features that may find use in other systems.
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